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is the MHCII-like molecule, DM (H2-DM in mice, HLA-
DM in humans). In a poorly understood process, DM
interacts with the MHCII/CLIP complex and facilitates
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Integrated Department of Immunology the loss of the CLIP peptide and the binding of a new
peptide to the antigen binding groove (Denzin and Cres-Zuckerman Family/Canyon
Ranch Crystallography Laboratory swell, 1995; Sherman et al., 1995). DM appears to act
by accelerating peptide exchange such that at a rapidlyNational Jewish Medical and Research Center
Denver, Colorado 80206 achieved equilibrium MHCII is eventually bound to the
highest affinity peptides present in the milieu (van Ham et2 Integrated Department of Immunology and
Department of Medicine al., 1996; Vogt et al., 1996; Weber et al., 1996). In the
absence of DM, this peptide exchange is severely de-3 Department of Biochemistry and Molecular Genetics
4 Department of Pharmacology and pressed and most MHCII that comes to the cell surface
still has CLIP in the peptide binding groove (Avva andProgram in Biomolecular Structure
University of Colorado Medical School Cresswell, 1994; Riberdy et al., 1992; Sette et al., 1992).
The interaction of DM with MHCII is dependent on theDenver, Colorado 80262
moderately low pH found in the endosomal vesicles
(Denzin and Cresswell, 1995; Sherman et al., 1995). How-
ever, in vitro, for some MHCII isotypes, low pH canSummary
accelerate peptide exchange somewhat even in the ab-
sence of DM (Jensen, 1990, 1991; Mouritsen et al., 1992;IE/DR MHC class II molecules have an extensive
Reich et al., 1997; Runnels et al., 1996; Sette et al., 1992).H-bonding network under the bound peptide. In IEk,
These results suggest the possibility that MHCII under-two a chain acidic amino acids in the core of this
goes a conformational change at moderately low pHnetwork were mutated to amides. At low pH, the mu-
that favors peptide exchange. DM may induce and/ortant molecule exchanged peptide much more rapidly
interact with and stabilize this altered conformation.than the wild-type. The crystal structure of the mutant
In a previous study, we described a feature of theIEk revealed the loss of a single buried water molecule
mouse IEk MHCII molecule shared with all mouse IE andand a reorganization of the predicted H-bonding net-
human DR MHCII molecules (Fremont et al., 1996), inwork. We suggest that these mutations enhance the
which two acidic amino acids (aGlu11 and aAsp66) aretransition of MHC class II to an open conformation at
buried in the molecule within the peptide P6 amino acidlow pH allowing the bound peptide to escape. In wild-
side chain binding pocket. The interactions of thesetype IEk, the need to protonate these amino acids also
amino acids with this peptide side chain, other aminomay be a bottleneck in the return to a closed confor-
acids in the region, and buried water molecules indicatemation after peptide binding.
an extensive hydrogen bonding network that predicts
the protonation of the acidic carboxylate groups. We
Introduction postulated that, in binding a peptide to an “empty”
MHCII molecule, protonation of these groups might rep-
Much of the cell biology of antigen presentation by MHC resent an energy barrier and would be lessened by low
class II molecules (MHCII) has been elucidated in recent pH during peptide exchange.
years (reviewed in Busch et al., 2000; Busch and Mellins, To test this idea, we constructed an IEk molecule in
1996). Nascent MHCII molecules produced in the endo- which the two critical acidic amino acids were mutated
plasmic reticulum (ER) assemble into a complex with the to the corresponding amides. We have studied the inter-
invariant chain (Ii). A portion of the Ii (CLIP) fills the peptide action of this mutant (mut) IEk molecule with various
binding groove of MHCII, stabilizing the molecule and peptides and have solved its crystal structure bound to
preventing other peptides from binding. This complex one of these peptides. Our results show that, although
traverses the Golgi, where its carbohydrates mature, the surface of the mut IEk appears very similar to that
and is then targeted to specialized endosomal vesicles of wild-type (wt) IEk, the mutations appear to have dis-
containing proteolytic enzymes that partially degrade Ii rupted the details of the hydrogen bonding network un-
leaving the MHCII associated with the CLIP peptide. derlying the peptide, resulting in a somewhat less stable
Meanwhile, potential antigens entering the endoso- molecule under certain conditions. The mut IEk exchanges
mal/lysosomal compartment from the cell surface or peptide at a greatly accelerated rate that is still favored
secretory pathway are degraded to peptides. This deg- by moderately low pH. These results have implications
radative vesicle pathway intersects with that containing for how the combination of low pH and DM normally
the MHCII/CLIP molecules. Also present in the vesicles operate to facilitate MHCII peptide exchange.
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Figure 2. Antigenic Similarities of wt and mut IEk Molecules
Figure 1. Similar Electrophoretic Properties of Native wt and mut The anti-IEk mAbs shown were immobilized in the flow cells of a
IEk Molecules BIAcore CM5 Biasensor chip. Aliquots (30 ml, 1 mM) of mut (open
bars) or wt (filled bars) IEk containing covalently bound pMCC, pHSP,Aliquots (1 mg) of wt or mut IEk containing covalently bound pMCC,
or pHB were injected at a flow rate of 15 ml/min and the bindingpHSP, or pHB were analyzed by native PAGE using a 10%–15%
kinetics recorded. Association rates (liters/mole·s) and dissociationgradient acrylamide gel with the pHast system. Gels were stained
rates (1/s) were estimated using standard BIAcore software assum-with Coomassie Blue.
ing first order kinetics. These rates were used to calculate the asso-
ciation constants (liters/mole).
to the N terminus of the MHC b chain (Kozono et al.,
1994, 1995). The three peptides were: pMCC, amino the change from carboxylates to amides on the side
acids 88–103 of moth cytochrome c (Jorgensen et al., chains of the mutated amino acids. A prediction might
1992; Kozono et al., 1994); pHSP, amino acids 236–248 be that the mut IEk would be more thermodynamically
of mouse heat shock protein 70 (Kozono et al., 1995; stable at nonacidic pHs, because of the energy required
Marrack et al., 1993); and pHB, amino acids 64–76 of to increase the pKa of the buried acidic amino acids
the d allele of mouse b globin (Kozono et al., 1995; (Langsetmo et al., 1991; McGrath et al., 1992). Using
Lorenz and Allen, 1988). We also prepared purified mut several methods to follow extent of denaturation of the
IEk with the same set of covalently attached peptides molecules under various conditions, we found that this
but bearing two mutations in the P6 peptide binding prediction was not, in general, true. Some of the results
pocket, aGlu11Gln and aAsp66Asn. are shown in Figure 3.
Aliquots of the purified proteins were analyzed by With some methods, the mut IEk molecules were in
PAGE under nondenaturing conditions. The results are fact consistently less stable than their wt counterparts.
shown in Figure 1. The three pairs of MHCII molecules For example, we tested the resistance of the molecules
were homogeneous and migrated indistinguishably to irreversible denaturation at low pH. We produced mut
showing that the mutations did not cause any large and wt IEk without a covalent peptide and loaded them
changes in structure. These data also show that aGlu11 with each of the three peptides. Aliquots were exposed
and aAsp66 of wt IEk did not contribute to the electro- to various pH values for various lengths of time. Loss
phoretic behavior of the wt IEk, confirming that they of peptide and dissociation of the MHC a and b chains
were buried and mostly likely protonated. Similarly, in was followed with an ELISA, using an anti-b chain mAb
isoelectric focusing gels run under nondenaturing con- (Y17) to capture the IEk and an anti-a chain mAb (14-
ditions the mut and wt IEk molecules had the same pI 4-4) to detect only associated heterodimers (Figure 3A).
(data not shown). Within the 2 hr of the experiment, little dissociation of
We also compared the proteins for their reactivity with the wt IEk molecules was seen at any of the pH values
a set of three mAb’s specific for epitopes dependent on tested (pH 4.5 to 7). On the other hand, the mut IEk
the conformation of the IEk a1 and/or b1 domains. We molecules dissociated quite rapidly below pH 5.0. This
used the BIAcore system to calculate the affinities of tendency to dissociate was, to a small extent, peptide
the mAb’s for the wt and mut IEk molecules. These re- dependent, with mut IEk with pHSP dissociating slightly
sults are shown in Figure 2. The affinities of the antibod- more slowly than that with either pMCC or pHB. The
ies were similar for both the mut and wt molecules with lower stability of all of the mut IEk molecules was shown
any of the three peptides. Therefore, we concluded that as well during SDS-PAGE, where the wt IEk molecules
the mutations introduced into the IEk a chain did not did not dissociate if samples were not heated prior to
prevent proper protein folding and had little effect on electrophoresis, but the mut IEk molecules completely
the surface epitopes of the molecule. dissociated (data not shown).
Results with other techniques to test the relative sta-
bility of the wt vs mut IEk were not so straightforward.Stability of wt and mut IEk under Denaturing
Conditions In these cases, some of the mut molecules were as
stable or even more stable than their wt counterparts.While the a chain mutations did not appear to alter
significantly the surface of the mut IEk molecule, the For example, we used circular dichroism to examine the
loss of the secondary and tertiary structure of the wt IEkinternal structure of the molecule had to accommodate
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Figure 3. mut IEk Is Less Stable Than wt IEk under Denaturing Conditions
(A) Aliquots of mutant (open squares) or wt (closed circles) IEk with no covalently bound peptide were loaded in vitro with pMCC, pHSP, or
pHB. The preparations were then incubated at pH 5.5 ( ), pH 5.0 (– – – ), or pH 4.5 (………) in the presence of 640 molar excess of pMCC.
Aliquots were removed at various times and diluted in buffer at pH 7.0. Capture ELISA was used to determine the loss of associated IEk a
and b chains. The anti-Ebk mAb, Y17, was used for capture and the anti-Ea mAb, 14-4-4, was used for detection. Results are shown as the
percent of assembled IEk remaining versus time.
(B) The CD spectra of wt ( ) or mutant (……) IEk containing covalently bound pMCC (right panels) or pHB (left panels) were measured at
pH 7.4 at various temperatures. Mean residue ellipticity is shown at two wavelengths: far UV (200 nm) (upper panels) and near UV (293 nm)
(lower panels). Transition temperatures (Tm) were estimated from polynomial curves fit to the data. They were defined as the temperature at
which the CD signal was reduced by one-half of its maximum range for either molecule.
and mut IEk molecules containing either pMCC or pHB follow the loss of secondary structure and at near UV
range (260–350 nm) to follow the loss of tertiary struc-at neutral pH with increasing temperature. The measure-
ments were made in the far UV range (180–260 nm) to ture. Figure 3B shows data at wavelengths of 200 nm
Immunity
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Figure 4. mut IEk Exchanges Peptide Very Rapidly Compared to wt IEk
(A) On rate: mut (s) and wt (d) IEk-pHSP were digested with thrombin to cleave the covalent linker between the peptide and MHC b chain.
Aliquots were incubated with 640-fold molar excess of biotinylated forms of pMCC, pHSP, or pHB at pH 7.5 ( ), pH 5.5 (– – –), or pH 5.0
(……). At various times, aliquots were removed and diluted 1:200 in 2% fetal calf serum in Tris buffered saline at pH 7.5. Biotinylated peptide
associated with IEk was determined in an ELISA capturing with the anti-Ebk mAb, Y-17, and detecting the biotinylated peptide directly with
AP-coupled extravidin. The largest amount of bio-peptide bound in any sample was bio-pHB binding to mut IEk at 60 min at pH 5.0. This
value was arbitrarily set to 100%. The results for all the samples relative to this one are plotted versus the time in minutes.
(B) Off rate: mut (s) or wt (d) IEk produced without any covalent peptide were preloaded with biotinylated versions of pMCC, pHSP, and pHB.
Samples of each were incubated at pH 7.5 ( ), pH 5.5 (– – – –), or pH 5.0 (……) in the presence of 640-fold molar excess of pMCC. Aliquots
were taken at several time points and assayed for IEk bound biotinylated peptide as in (A). Results are plotted as the % of IEk associated
biotinylated peptide remaining versus time in minutes.
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Table 1. Data Collection and Refinement Statistics binding groove. Overall, the mut IEk with pHSP was least
affected by the mutations and that containing pMCCData Collection
was the most compromised.
Space group P21
Unit cell dimensions (A˚) a 5 117.1 b 5 58.0 c 5 143.2
Rapid Exchange of Peptides by mut IEkUnit cell angles (8) b 5 93.2
Although the changes in stability of the mut IEk mole-Number of molecules in AU 4
Resolutioin limits (A˚) 25.0–2.40 (2.49–2.40)a cules were complex, we were intrigued by the consis-
Unique reflections 74154 (6856) tently decreased stability of the mut IEk at pH 4.5 sug-
Completeness (%) 96.9 (90.8) gesting that this molecule could lose its bound peptide
Average redundancy 3.9 (3.5)
easily when exposed to moderately low pH. We testedAverage I/s 17.6 (3.4)
whether this was always an irreversible process orRmerge (%)b 6.0 (44.5)
whether at intermediate pH values other peptides could
Refinement rebind to the empty IEk to restabilize it. mut or wt IEk, with
covalently attached pHSP, was treated with thrombinResolution (A˚) 25.0–2.40
to cleave the peptide linker. The completeness of theI/s cut off 0.0
Total reflections 71107 (6212) cleavage was confirmed by SDS-PAGE. Aliquots were
Reflections used for Rfree 3615 (316) exposed for various times to various pH values in the
Rworking/Rfree (%)c 22.9/27.0 (33.1/38.0) presence of a high molar excess of each of the peptides
Average B factors (A2) 51.9
carrying a biotinylated (bio) tag attached by a short linkerRamachandran data
to the peptide N terminus. Exchange of the bound pHSP% of residuesd in:
for bio-peptide was assessed by ELISA (Figure 4A). AsFavored regions 88.3
Allowed regions 10.7 expected, the wt IEk molecule bound pHSP very stably
Generously allowed regions 0.5 even after the cleavage of the linker and exchanged
Disallowed regions 0.5 peptide poorly at all pH values. On the other hand, the
Rmsd
mut IEk exchanged the HSP peptide for the biotinylatedbonds (A˚) 0.0066
peptides very rapidly and efficiently, especially at a pHangles (8) 1.27
of 5 to 5.5.Bfactor main chain (A˚2) 1.6
Bfactor side chain (A˚2) 2.1 In a similar experiment, mut and wt IEk produced with-
Cross-validated coordinate error (A˚) 0.4 out a genetically covalently bound peptide were loaded
with biotinylated versions of all three peptides. Aliquotsa All Data (Outer shell)
b Rmerge 5 S(jI 2 ,I.j)/S(I) were incubated at various pH values in the presence of a
c Rworking/free 5 SjjFoj 2 jFcjj/SjFoj high molar excess of pMCC. The loss of the bio-peptides
d Excluding glycine and proline and their replacement with pMCC was again followed
by ELISA (Figure 4B). Very little loss of the bound pep-
tides was seen from the wt IEk, but all three peptides
were readily lost from the mut IEk, especially at pH 5.0.for the far UV range (b sheet) and at 294 nm for the near
These results indicate that the majority of wt IEk is inUV range. The wt IEk-pMCC was clearly very stable,
a closed conformation with its peptide firmly bound evenrequiring a temperature of greater than 708C for denatur-
at pH 5. On the other hand, the mut IEk readily assumesation. This result is very similar to that reported pre-
an “open” conformation at pH 5.0–5.5 that allows rapidviously using recombinant wt IEk/pMCC prepared by a
replacement of its bound peptide. This open conforma-different method without a covalent linker (Reich et al.,
tion must retain an overall reasonable thermodynamic1997). The mut IEk-pMCC molecule was very much less
stability, since it can return to a conventionally “closed”stable, denaturing at a temperature of about 558C–588C.
native conformation at neutral pH. Such a reversibleIn constast, this difference in stability was not seen using
open state has been postulated to be the one that ispHB as the peptide. In this case, the mut IEk stability
induced and/or stabilized by DM in the peptide loadingwas very similar to that of the wt IEk, with both denaturing
vesicles of antigen-presenting cells (Boniface et al.,in the range of 598C–628C. In fact, one might interpret
1996; Runnels et al., 1996).this data to say that the mutations neutralized the extra
stabilizing effect of the Gln at P6 in pMCC versus the
Glu in pHB resulting in mut IEk molecules that had about Structure of the mut IEk Molecule
Our results indicated that the aGlu11Gln and aAsp66Asnthe same stability regardless of peptide. Whether this
lack of contribution to mut IEk stabilization against ther- mutations had changed IEk such that, when exposed
to pH 5–5.5, the molecule easily assumed a form thatmal denaturation by the P6 amino acid can be general-
ized other peptides will need additional studies. released and rebound peptide rapidly. The change in
stability in the mut molecules suggested that they hadFinally, reduced stability of the mut IEk was also not
evident when using PAGE with urea rather than SDS undergone an internal alteration more substantial than
the simple replacement of NH2 groups for OH groupsas the denaturant. In the case of pMCC, the mut IEk
molecules were just as stable as the wt, while in the on the mutated amino acids. To determine what the
alteration in structure might be, we attempted to crystal-case of pHB or pHSP the mut molecules were in fact
more stable than the wt versions (data not shown). In lize the mut IEk bound to each of the peptides. Although
these molecules did not crystallize under exactly thesummary, whether the mut IEk molecules could be con-
sidered less stable than the wt IEk depended on the same conditions (pH 4.5–5.5) as their wt counterparts
(Fremont et al., 1996; Kersh et al., 2001), at pH 8.0 wedenaturant used and to some extent the peptide in the
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Figure 5. Comparison of the Structures of mut and wt Iek
(A) Ribbon structures are shown of the a1, b1, and peptide portions of mutant (cyan, red, and magenta) and wt (yellow, blue, and green)
aligned similarly. The structures are a cross-eyed stereo pair such that when viewed in stereo the two structures superimpose. Figure created
with Molscript (Kraulis, 1991).
(B) Two different views of electron density (s 5 1.0) surrounding key amino acids in the P6 pocket of the mut IEk. The atom coloring scheme
for mut IEk is: C, yellow; protein O, red; N, blue; S, green; and water O, cyan. Figure created with O (Jones and Kjeldgaard, 1997).
(C) Some details of the IEk P6 binding pocket with the mut and wt molecules superimposed. The atom coloring scheme for mut IEk is C, white;
protein O, red; N, blue; S, yellow; and water O, cyan. The wt IEk is colored green throughout. The figure is a cross-eyed stereo pair created
with Swiss PDBViewer (Guex and Peitsch, 1997).
(D and E) Some details of the predicted hydrogen bonding networks in the vicinity of the P6 peptide binding pocket are shown for the wt (D)
and mut (E) IEk molecules. The atom coloring scheme for mut IEk is as in (C). Potential H-bonds were detected with the aid of Swiss PDBViewer
and some are shown as dotted green lines. Figures are cross-eyed stereo pairs also created with Swiss PDBViewer.
obtained diffraction quality crystals of mut IEk bound to tion of NH2 groups for COOH groups on the side chains
of a11 and a66 should have removed the necessity forpHB. Presumably, this higher pH was required to prevent
the tendency of the mut IEk to lose its bound peptide at protonation of these side chains during folding without
significantly disturbing the H-bonding network under thea more acidic pH. Although the space group of this
crystal was P21, compared to C2 for the wt IEk-pHB, peptide. However, details of the P6 pocket containing
the mutated amino acids, shown in Figures 5B–5E, re-the cell dimensions of the crystals were very similar
(Fremont et al., 1996; Kersh et al., 2001; Table 1), as vealed that this was not the case. Figure 5B, both panels,
shows electron density associated with some of thewas the crystal packing. The structure of the mut IEk
was readily solved by molecular replacement using the amino acids in the P6 pocket of the mutant molecule.
Figure 5C is a superimposition of the mut (CPK coloring)wt IEk as the search model. The structure was refined
to 2.4 A˚ resolution. and wt (green) structures in this region showing the side
chains of some of the amino acids and some of theAs expected, the overall structure of the mut IEk-pHB
was very similar to that of wt IEk. For example, the root buried water molecules.
The side chains of a11Gln and a66Asn of the mut IEkmean square deviation (rmsd) of all backbone atoms
in the a1 and b1 domains and the peptide of the two were in nearly identical positions to Glu and Asp of the wt
IEk. However, significant changes occurred elsewhere inmolecules was only 0.4 A˚. This point is illustrated in
Figure 5A, showing the ribbon structures of the a1 and the pocket. Three of four water molecules present in
this region in the wt IEk were also found at nearly theb1 domains and the peptides of the two molecules. The
two backbones are virtually identical. This conformation same locations in the mut IEk, but a fourth water mole-
cule (W4) was missing. No electron density for this wateris very similar to that of all MHCII structures reported
thus far, including two bound to abTCR molecules (Hen- molecule was seen in any of the four mut IEk molecules
of the asymmetric unit in either 2Fo-Fc or Fo-Fc electronnecke et al., 2000; Reinherz et al., 1999) and clearly must
represent the closed form of the molecule. density maps. This water molecule has been seen in all
wt IEk structures solved so far, involving three differentOur rationale for the mutations was that the substitu-
Mutations Enhancing MHC Peptide Exchange
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Figure 6. Hypothetical Scheme of wt and mut
IEk Peptide Exchange
See text for details.
space groups and five different peptides: pHB and pHSP occupying roughly the position of the Glu carboxylate
of pHB (Fremont et al., 1996). It is possible the differ-(Fremont et al., 1996); pHB and pHBp6Asn (Kersh et al.,
2001); and pMCC and the corresponding peptide from ences seen in the stability of mut IEk occupied by these
three peptides are due to variations in the success withpigeon cytochome c (D.F. and J.K., unpublished data).
Accompanying the loss of W4, several other amino which these side chains adjust to the rearranged
H-bonding network. For example, depending on the ro-acids have moved in the P6 pocket. The side chain of
the peptide Glu6 had swung toward the b chain a helix tamer of the Gln of pMCC, its amide group might be
expected to be incompatible with the H-bond networkand back slightly toward the peptide C terminus. Its
carboxylate carbon had moved 1.6 6 0.1 A˚ and its car- shown in Figure 5, perhaps accounting for the tendency
of mut pMCC-IEk to be even less stable than the twobonyl group had rotated 58 6 68. The side chain of
bTyr30 had moved 1.2 6 0.1 A˚ swinging forward toward other mut molecules. However, since all three of the
peptides exchange rapidly in the mut IEk, perhaps thethe peptide N terminus. Only minimal movements of
other amino acids (e.g., bCys11) were seen. most important factor in the accelerated peptide ex-
change is the loss of the water molecule rather than theThese internal changes in the protein accompany a
rearrangement of the predicted H-bonding network that repositioning of the P6 side chain.
stabilizes the structure in this area. Figure 5D shows
part of this predicted network for the wt molecule. W4 Discussion
interacts with another water molecule (W3), an oxygen
in the peptide backbone, the hydroxyl of bTyr30 and Peptide exchange can be viewed as a three-step pro-
cess, shown schematically in Figure 6. First, the MHCII/the amide of aN69 and may be a linchpin in holding
the molecule in a closed conformation. The carboxylate peptide complex must undergo a conformational change
from a “closed” to “open” state to allow the escape ofoxygens of aGlu11 and aAsp66 interact with each other
and two water molecules (W1 and W3). One oxygen of the bound peptide, usually CLIP. In the open state, the
weakened interaction between the peptide and MHCIIthe pGlu6 carboxylate interacts with one of these water
molecules (W1) and the other oxygen with the aAsp66 allows the bound peptide to leave and another peptide
to bind. Finally, the new complex must return to thecarboxylate. In the mutant molecule (Figure 5E),
H-bonds involving W4 are, of course, lost. aGln11 and closed form.
For wt MHCII at neutral pH, the closed conformationaAsn66 still interact with each other and with water
molecules in the same positions as in the wt molecule. is so stable that transition to the open form is virtually
impossible. Low pH may promote peptide exchange inHowever, the shifted pGlu6 carboxylate has lost the
interaction with aAsn66 while gaining interactions with at least three different ways. First, it may weakly enhance
the transition of MHCII to the open form by protonatinganother water molecule (W2) as well as the sulfhydryl
of bCys11 and the now shifted hydroxyl of bTyr30. some unknown site, presumably accessible on the sur-
face of the molecule. Second, low pH enhances theSince some of the changes we see in the mut pHB-
IEk involve the p6 amino acid, we cannot be sure that interaction of DM with MHCII, which, by further inducing
and/or stabilizing the open state, may greatly increasethe other two mut IEk molecules will have an identical
structure. The side chain of Glu at p6 of pHB moves the amount of open MHCII present. Finally, for IE and
HLA-DR molecules, we have argued that the side chainssignificantly compared with this Glu in the wt IEk-pHB
structure, but it is predicted to continue making multiple of aGlu11 and aAsp66 will become ionized upon peptide
loss and exposure of the peptide binding groove tohydrogen bonds with neighboring atoms. In pMCC, this
amino acid is a Gln. In pHSP, this amino acid is an Ala solvent. They must be reprotonated in order for the mol-
ecule to rebind a peptide and return to a closed confor-that in wt IEk is accompanied by an extra water molecule
Immunity
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b chain was produced in baculovirus as previously described (Ko-mation. Although this process should be enhanced by
zono et al., 1994, 1995). The soluble IEk was purified from the culturethe low pH of CII vesicles, it may still represent a bottle-
supernatant of either infected High Five (Invitrogen) or SF9 insectneck, since the pK of the side chain carboxylates of Asp
cells as previously described using immunoaffinity and size exclu-
and Glu should be close to 4 in aqueous solvent and thus sion chromatography (Crawford et al., 1998; Kozono et al., 1994,
substantially ionized when exposed in the CII vesicle. 1995). Viruses encoding a mutated form of each soluble molecule
In order to test the relative importance of reprotona- were produced by altering the DNA sequence of the a chain gene
in the baculovirus transfer vector to change the codons for Glu11tion in the overall rate of peptide exchange, we changed
and Asp66 to those for Gln and Asn, respectively. New virusesaGlu11 and aAsp66 to their corresponding amides. We
encoding the mutated gene were produced and soluble mut IEk washoped that these mut IEk molecules would be otherwise
produced and purified as above. The mutations caused no loss in
identical to wt IEk and that we could attribute any en- yield of the soluble IEk.
hancement in peptide exchange rates to the reprotona-
tion requirement of the wt type IEk molecules. While the Electrophoresis
mut IEk molecules did have a greatly enhanced rate of Isoelectric focusing and native and SDS polyacrylamide gel electro-
phoresis were performed using the pHast system (Pharmacia).peptide exchange, our studies revealed internal changes
in the molecules in addition to the quasi-isomorphous
Antibody Epitope Analysis by BIAcoresubstitution of amides for hydroxyls on the amino acid
50 mg/ml of the mAb’s 17-3-3 (Ozato et al., 1980), Y17 (Lerner etside chains. A highly conserved internal water molecule
al., 1980), and 14-4-4 (Ozato et al., 1980) was immobilized covalentlywas lost and the internal H-bonding network of the p6
in separate flow cells of a CM5 Biosensor chip using standard amine-
pocket was rearranged. This was accompanied by a coupling chemistry. Approximately 5000 RU of mAb was immobi-
change in the molecule stability, particularly at low pH. lized in each flow cell. 30 ml of 1 mM wt IEk or mut IEk was passed
Therefore, we must consider that the aGlu11Gln and over the chip at a flow rate of 15 ml/min and sensorgrams collected.
Sensorgrams were analyzed using A 1 B 5 AB association andaAsp66Asn mutations may have accelerated peptide
AB 5 A 1 B dissociation calculations to obtain ka and kd, whichexchange either of two ways (Figure 6). First, the changes
were used to calculate KA values. At the end of each cycle, the mAbin internal structure may greatly increase the rate of
in each flowcell was regenerated using 50 mM NaCO3 buffer, pHtransition to the open state at pH5, even in the absence
10.5.
of DM, an effect that we did not anticipate. Second, as
we proposed, the lack of negative charges on a11 and Circular Dichroism
a66 in the open state may increase the rate at which A Jasco 6200 instrument was used to analyze the temperature un-
new peptides bind and/or the molecule can return to the folding of IEk by monitoring loss of ellipticity. Temperature was con-
trolled using two water baths, one at a constant 258C and the otherclosed state. At present our results do not distinguish
which was varied from 158C to 808C. All samples were dissolved inwhether these two effects are of equal importance.
10 mM PO4, pH 7.4. In this buffer, scans were satisfactory (eg.,The importance of the H-bonding network in peptide
HMT , 600) down to wavelengths of less than 180 nm. All concentra-exchange was also pointed out by the studies of Sant
tions of protein were between 0.625 and 1 mg/ml, dissolved in 10
and coworkers on the IAd molecule in which bHis81 was mM PO4, pH 7. Raw theta was corrected to Mean Relative Ellipticity.
mutated to Tyr (Bryant et al., 1999; Ceman et al., 1998; The concentration used for near UV and far UV scanning was the
McFarland et al., 1999; Sant et al., 1999). In MHCII crystal same, only different path length water-jacketed cells were used. For
near UV scans (350–260 nm), a 10 mm cell was used. For far UVstructures, the conserved bHis81 is H-bonded to the
scans (260–180 nm), a 0.1 mm cell was used. Bandwidth was setpeptide backbone. The disruption of this interaction by
to 1.0 nm, resolution to 0.1 nm, response time 1 s, and scan speedthe mutation leads to an IAd molecule that very rapidly
100 nm/min, and 15 accumulations were averaged for each scan.loses peptide at low pH even without DM.
Taken together, these mutational results suggest that
MHC II Peptide Exchange or Loss
despite the many interactions between the bound pep- N-terminally biotinylated forms of pMCC, pHB, and pHSP were syn-
tide and MHC molecule, only a small disruption of the thesized in the Biomolecular Resource Center at National Jewish.
H-bonding portion of this interaction is required to make Four glycine residues were added to the peptide N termini to improve
accessibilty of the biotin to streptavidin. The sequences of the pep-the molecule very susceptible to a transformation at low
tides were biotin-GGGGRADLIAYLKQATK (bio-pMCC), biotin-pH to a peptide exchanging open state. In addition, it
GGGGKKVITAFAEGLK (bio-pHB), and biotin-GGGGRMVNHFIAEappears that the actual site of H-bonding disruption may
FKRK (bio-pHSP). To study the exchange of pHSP bound to IEk,not be as important as the sum of all these interactions.
the linker attaching pHSP to either mut or wt IEk was cleaved by
There are still unanswered questions about the molec- incubation with thrombin (1 mg/ml IEk in a 20 ml reaction volume
ular details of peptide exchange. In our studies, the with 10 mM Citrate (pH 6.5), 150 mM NaCl, and 1.1 mg/ml thrombin,
transition of the mut IEk to an open state was still dramat- incubated at 378C overnight). Aliquots of the digested IEk were incu-
bated with 640-fold molar excess of bio-pMCC, bio-pHB, or bio-ically enhanced by low pH. Presumably, protonation of
pHSP at various pH values at 378C. At various times, aliquots weresome as of yet unidentified solvent exposed site on the
removed and diluted 200-fold in pH 7.0 buffer containing 2% fetalmolecule serves this function. Finally, we still do not
calf serum to stop further peptide exchange. The aliquots wereknow how DM affects the process of peptide exchange.
analyzed in a capture ELISA in which the IEk was captured with the
At low pH does DM bind to the closed form of MHCII, anti-b chain mAb, Y17. The captured IEk bearing biotinylated peptide
“prying” it open, or does DM simply bind to and stabilize was detected with alkaline phosphatase coupled Extravidin. The
the open form of MHCII induced spontaneously by the total native IEk surviving the peptide exchange conditions was de-
tected with the anti-a chain mAb, 14-4-4 and alkaline phosphataseshift to low pH?
coupled to goat anti-mouse IgG2b.
To study loss of bound peptide mut or wt IEk produced withoutExperimental Procedures
a covalently bound peptide was incubated with bio-pMCC, bio-pHB,
or bio-pHSP under optimal conditions for peptide loading: 20 mgProduction and Purification of wt and Mutant IEk
protein in a 20 ml reaction volume, 100 mM citrate (pH 5.0), 378C forSoluble wt IEk containing either no peptide or pMCC, pHB, or pHSP
covalently bound by a flexible linker to the N terminus of the MHC 2 hr. The reaction was neutralized with 100 mM HEPES buffer (pH
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7.0), and the protein was then exchanged twice with 10 mM HEPES also thank Clare Woodward (University of Minnesota) for use of the
Jasco 6200 instrument. At the ALS, we are indebted to Dr. Thomas(pH 7.0) in a Centricon30 (Amicon) to remove excess peptide. Ali-
quots of this bio-peptide-IEk were incubated with a 640-fold molar Earnest for use of the 5.0.2 beam line, Keith Henderson for help
with data collection, and Dr. Andrew Mesecar (University of Illinoisexcess of pMCC at various pH values at 378C. As above, aliquots
were removed at various time points and assayed as above for both Chicago) for help in data processing. Special appreciation to Dr.
Gongyi Zhang (National Jewish Medical and Research Center) forfor IEk containing bio-peptide as well as total assembled IEk.
his valuable advice during the structure solution.
Crystallization of mut IEk-pHB
Received November 3, 2000; revised March 22, 2001.Crystals of mut IEk-pHB were grown in hanging drops without seed-
ing under the following conditions: 4.1 mg/ml protein, 12.8%
PEG4000, 80 mM MgCl2, and 80 mM HEPES (pH 8.0). Looped crys- References
tals were momentarily soaked in 16% trehalose, 12.8%PEG4000,
80 mM MgCl2, and 80 mM HEPES (pH 8.0) and cryo-preserved by Avva, R.R., and Cresswell, P. (1994). In vivo and in vitro formation
plunging in liquid nitrogen before mounting in a nitrogen stream at and dissociation of HLA-DR complexes with invariant chain-derived
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